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Information sheet 
Charged Droplets – Novel Media for Studying Reactions between 
Aldehydes and Amines/Hydrazines 
Within the framework of this study, reactions between 7 aldehydes and 4 nitrogen bases were 
carried out in charged droplets. For this, an in-house built electrospray system was designed 
and built. For comparison, the same reactions were also carried out in bulk phase under similar 
conditions. The results show, that charged droplets are a new potent media for carrying out 
reactions, since the reactions were accelerated compared to bulk phase. Also, new reaction 
pathways may be found, as several new products were observed. 
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Laetud tilgad – uudne keskkond reaktsioonide läbiviimiseks 
aldehüüdide ja amiinide/hüdrasiinide vahel  
Töö raames uuriti 7 aldehüüdi ja 4 lämmastikaluse vahelisi reaktsioone laetud tilkades. Selleks 
disainiti ja ehitati oma elektropihustussüsteem, mis võimaldas reaktsiooniproduktide kogumist. 
Võrdluseks viidi samu reaktsioone läbi ka lahusefaasis sarnastel tingimustel. Tulemused 
näitavad, et laetud tilgad on uudne võimalusterohke keskkond orgaaniliste reaktsioonide 
läbiviimiseks, kuna toimus reaktsioonide oluline kiirenemine. Samuti on võimalik avastada 
uusi reaktsiooniteid, sest mitmetel reaktsioonidel tekkis uusi produkte. 
 
Märksõnad: süntees, elektropihustus, laetud tilgad 
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Abbreviations 
LC/MS – Liquid Chromatography/Mass Spectrometry 
ESI – Electrospray Ionisation 
NMR – Nuclear Magnetic Resonance 
MeCN – Acetonitrile 
MeOH – Methanol 
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1. Introduction 
Synthesis of new compounds is essential in many fields from material sciences to 
pharmaceutical industries. Thus, scientists are continuously working on finding synthesis 
procedures that lead to higher reaction yields, are faster, cheaper, safer and more 
environmentally benign. Besides, a good synthesis procedure is diverse, yet selective and as 
simple as possible (less steps, readily available starting materials and without the need for 
extraordinary conditions). 
These days, most synthetic pathways are carried out in a solvent, a gas phase or an ionic liquid. 
In this work, I studied a novel media for carrying out reactions: charged droplets or electrospray 
in other words. Electrospray is a liquid aerosol, where liquid droplets in the gas phase are 
charged either positively or negatively with the help of electrochemical processes. Furthermore, 
electrospray synthesis has been demonstrated to be more selective, faster and might need less 
starting material (lower concentrations) and no catalysts to take place compared to the same 
synthesis in bulk phase. This makes charged droplets a valuable media for carrying out reactions 
as one step in a multistep synthesis or to totally change the common pathways of some 
reactions. 
Charged droplets occur in nature; they are produced during thunderstorms and found near 
rapidly moving water masses such as waterfalls, sea waves (also called sea spray aerosol), etc. 
Electrospray can also be produced in a laboratory in order to study its properties and find other 
applications. For example, an electrospray source of mass spectrometers (MS) produces a spray 
of charged droplets. In this study, I used an in-house built electrospray source to carry out 
reactions. 
My aim in this study was to see if and which reactions proceed in charged droplets. To do so, I 
designed an electrospray source, set it up, designed the procedure for conducting the reactions 
and analysing the results. I studied the reactions between 7 aldehydes and 4 amines/hydrazines 
in charged droplets in acetonitrile (MeCN) solution without any catalysts. I chose the reactions 
that are known to proceed in bulk phase with high yield, but usually need high temperatures 
and acidic or basic conditions. I observed the acceleration of the reactions compared to bulk 
phase even at room temperature and without any catalyst. The results of this study have 
influenced to start a much bigger project in this field, where many more reactions are studied, 
and various parameters optimised in order to shift reaction pathways, get better yields, and 
allow conducting reactions in a scalable manner. 
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2. Literature Review 
Over the last decades, novel catalysts have improved the yields and selectivity of chemical 
synthesis tremendously. However, the ability to speed up highly selective and high-yield 
synthesis with cheap, simple and accessible means is insufficient. A new promising method to 
minimise above-mentioned problems is carrying out synthesis in confined spaces, including 
charged droplets. 
2.1. Synthesis in Confined Spaces 
Confined spaces, such as microemulsions [1,2], droplets on surfaces [3], levitated droplets [4,5] 
and droplets formed in microfluidics [6], can be beneficial for carrying out synthesis due to 
various reasons. Confined spaces limit the phase boundaries [7] and change the local 
concentrations of the reagent; therefore, usually accelerating the reactions [8,9]. Additionally, 
confined spaces may help to improve regioselectivity [10,11] and overcome reagent 
incompatibilities [6]. 
Most thoroughly studied microcompartments for organic syntheses are microemulsions. This 
thermodynamically stable medium was originally used to overcome reagent incompatibility, 
but it also offers two additional benefits. Firstly, significant enhancement in reaction rates has 
been reported [1,2]. This phenomenon has been related to the compartmentalisation of the 
reagents on droplets surface, as reaction rates in microemulsions increase with decreasing 
droplet radius [7]. Secondly, microemulsions can be used to increase the regioselectivity during 
bond formation in Diels-Alder reaction [12,13], nitration [11], bromination [14], and 
photocycloaddition of substituted anthracenes [10]. These beneficial properties have been 
described to result from concentration and orientation of the reagents on the interface of water 
droplets in microemulsions. Though the chemical nature of the surfactants used in preparation 
of microemulsions affects the reaction rate and yield, experiments carried out with droplets 
demonstrate that the main reason for abovementioned advantages rely on other properties of 
microcompartments. A major drawback of microemulsions turns out to be the thermodynamic 
stability of microemulsions, resulting in tedious clean-up and separation of the reaction 
products from the reaction media [15].  
Nanodroplets carry most of the advantages of microemulsions, but do not require complex 
clean-up step after syntheses. Nanodroplets on surfaces have been shown to enhance the 
reaction rates of aza-Michael and Mannich reactions [3], though properties of the surface have 
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been presented to influence the reaction rates. Lately, acoustically levitated [4] and Leidenfrost 
levitated [5] droplets that are not in contact with solid surface, have been studied as a reaction 
medium for accelerating reactions. Though droplets of this type are very useful for studying 
pure effect of microcompartments and carrying out small-scale test syntheses, they are 
impractical for large-scale production of chemicals, due to the limited number of droplets that 
can be simultaneously generated. 
2.1.1. Synthesis in Charged Droplets 
Compared to previously described confined spaces, the generation of charged droplets with 
electrospray is fast, efficient, may produce several grams of matter within minutes, and tolerates 
solvents with a wide range of polarity from water to dichloromethane [16]. Similar technology, 
also called electrospinning or electrohydrodynamic atomisation, is widely used in polymer 
industry to produce fine fibres on a large scale. Even handheld and battery-powered 
electrospray sources, used for electrospinning grams of polymeric material in a few minutes, 
have been reported [17]. Therefore, such a source can be conveniently implemented into 
automated or semi-automated synthesis apparatuses and still remain cheap and simple to use. 
Charged droplets produced by electrospray are a highly potent reaction medium, as the 
properties of these droplets have been found to significantly deviate from the bulk solution 
properties. Firstly, charged droplets provide compartmentalisation of the reagents to a small 
volume similarly to levitated droplets and microemulsions.  
Secondly, charged nanodroplets carry an excess charge. This excess charge is located near the 
surface of the droplet and forms a medium with superacidic properties. These features have 
been recognized generally to produce a unique medium for the production of protonated 
molecules even for very weak bases (sugars [18], carboxylic acids [19], esters [19], etc.) for 
mass spectrometry (MS).  
Thirdly, several molecules have multiple different functional groups that may be ionised. The 
functional group ionised in charged droplets may differ from the one observed in bulk solution 
phase, both for protonation [20–24] and deprotonation [20, 25–27]. This would allow access to 
the reactivity of completely different functional groups than observed in bulk solution phase.  
Fourthly, due to solvent evaporation, the droplets become more concentrated during syntheses; 
therefore, increasing the reaction rate. [3]. 
Lastly, due to electrospray process the solvent and volatile additives are removed from the 
reaction mixture during the procedure, leading to a simplified clean-up procedure. 
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From these properties, it is obvious that charged droplets possess extremely high but still 
undeveloped potential for organic synthesis. The possibility to form covalent bonds in charged 
droplets was only recently discovered in Prof. Zare’s research group, where Perry et al. [28] 
discovered that one of the reagents had reacted with the solvent (both with methanol and water) 
in the charged droplets while monitoring a transfer hydrogenation in the presence of Ru 
organometallic catalysts. Later, the same group used electrospray coupled to MS for carrying 
out Stevens oxidation [29], for cycloaddition of diethyl azodicarboxylate and quadricyclane 
[30], and for preparation of isoquinoline [31] and substituted quinolines [32]. The same group 
has demonstrated that some reactions in charged droplets follow a different route compared to 
the bulk solution [33]. 
Only a year after the discovery of Perry et al. [28], Müller et al. [34] from Prof. Cooks’s group 
observed that electrospray droplets can be used for carbon-carbon bond formation by the 
Claisen–Schmidt condensation. For the first time, reaction products were collected and 
analysed with chromatography, assuring that the reaction was actually occurring in the droplets. 
Additionally, chromatographic analysis revealed different by-products in bulk solution phase 
and in charged droplets [33,34]. Though additional by-products are not directly advantageous 
for application of such reactions in the framework of organic synthesis, it shows that a new type 
of chemistry is happening in charged droplets. Later the same group optimized some of the 
electrospray parameters (flow rate, temperature and collection distance) on the Hantzsch 
reaction [35] and described hydrazone [36] and amide [37] formation in charged nanodroplets.  
The area of reactions carried out in charged droplets is increasing fast [38–40] but the scope of 
reactions studied in charged droplets so far is mostly limited to C-N, C-O, and C-C bond 
formation (Table 1). Though the list of investigated reactions is far from complete, most of the 
studied reactions have been accelerated from 100 to 1 000 000 times in charged droplets 
compared with bulk solution phase reactions [33, 41]. This has led to increased atom efficiency, 
as reactions that otherwise require additional reagents or catalysts can be run without them. For 
example, Wleklinski et al. [37] have observed significantly increased conversion rates for N-
acylation reaction without the need for coupling reagents. 
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Table 1. Selected examples of the C-N, C-O, and C-C bond formation reactions carried out in 
charged droplets.  
Reaction Scheme Reference 
C-N bond 
formation: 
preparation of 
isoquinoline  
[31, 32] 
C-C bond 
formation: 
Claisen–Schmidt 
condensation 
 
[34, 42] 
C-O bond 
formation: ether 
formation 
 
[37] 
The mechanism of the reactions in charged droplets is scarcely investigated. However, it is 
known that increasing distance between the spray source and collection plate increases the 
conversion while the concentration of the compounds increases along the spray [36]. An 
efficient acceleration is associated with three key properties of the charged droplets: (1) the 
compartmentalisation of the compounds on the droplet surface together with solvent 
evaporation, (2) the superacidic properties (so far only positively charged droplets have been 
studied), and (3) induction of structural changes at the 2D surface of the droplets. [41] 
Additionally, the reactions appear not to be limited to compounds that are known to ionise in 
charged droplets [30, 34, 43]. Nam et al. [44] recently observed a significant shift in equilibrium 
for phosphorylation of various sugars. In solution phase, the reaction is disfavoured due to an 
unfavourable entropic component; however, carrying out the reaction in charged droplets 
allows overcoming this impediment.  
2.2. Imide/Hydrazone Synthesis by Conventional Methods 
The condensation reaction of aldehydes and amines is the most common and best way to 
prepare imines, it is straightforward and gives high yields. It is thoroughly studied, and several 
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methods have been found, but usually high temperatures and acid or base catalysts are 
needed [45]. 
Likewise, the formation of hydrazones from aldehydes and hydrazines is a well-known, 
straightforward reaction that proceeds in high yields and is usually acid- or base-catalysed. The 
only exception there is, that hydrazine itself does not react with aldehydes forming hydrazones, 
but azines (a product where the second amine group condenses with a second equivalent of 
carbonyl group) [45]. 
2.3. The Importance of Studying Reactions in Charged Droplets 
In addition to being a promising new media for doing synthesis faster, cheaper, with higher 
selectivity and with more environmentally benign catalysts and solvents, the studies of 
electrospray syntheses provide additional benefits. 
Firstly, reactions in such a novel media might proceed through novel reaction pathways. This 
can lead to formation of completely new products or even materials. This is extremely 
beneficial in many fields starting from pharmaceutical industry up to the production of 
chemicals or polymers. 
Secondly, natural aerosols are found abundantly around us. Some of the most interesting fields 
being environmental aerosols [46] and atmosphere abiogenesis [47]. For instance, micro- and 
nanodroplets are considered extremely important in the synthesis of amino acids, carboxylic 
acids, and other compounds in atmosphere during abiogenesis [47]. However, these fields often 
lack the possibility to study the mechanisms of reactions under well-defined conditions. 
Therefore, the studies of reactions in electrospray might give insight about the origin of life, 
the changes in climate and what happens in atmospheric aerosols [48–50]. 
Thirdly, fast reactions occurring in charged droplets give the possibility to use on-site 
derivatisation of analytes in MS. This can tremendously improve the sensitivity and selectivity 
of MS analysis. 
Fourthly, the acceleration of the reactions and a small mixing time of the reagents inside a 
droplet gives the possibility to study reaction intermediates and kinetics easily and with high 
resolution [41]. 
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3. Methods 
3.1. Reagents and Solvents 
The following reagents were used for carrying out syntheses: benzaldehyde (Sigma-Aldrich, 
assay:  99%), 2-methoxybenzaldehyde (Sigma-Aldrich, assay: 98%), 2-hydroxybenzaldehyde 
(Sigma-Aldrich, assay: 98%), 4-hydroxybenzaldehyde (Sigma-Aldrich, assay:  95% (HPLC)), 
2-nitrobenzaldehyde (Sigma-Aldrich, assay: 98%), 4-nitrobenzaldehyde (Sigma-Aldrich, 
assay: 98%), hydrazine hydrate solution (Sigma-Aldrich, concentration: 35 wt. % in H2O), 
phenylhydrazine (Sigma-Aldrich, assay: 97%), aniline (Sigma-Aldrich, assay:  99.5% (GC)), 
n-hexylamine (Sigma-Aldrich, assay 99%). 
For MS analyses, acetonitrile (Sigma-Aldrich, assay:  99.9%) and methanol (Sigma-Aldrich, 
assay:  99.9%) were used as solvents, formic acid (Sigma-Aldrich, assay: 98.0–100%) and 
ammonium acetate (Sigma-Aldrich, assay:  99.0%) were used as additives. Ultra-pure water 
(purified with in-house Millipore Advantage A10 MILLIPORE GmbH system) was used in the 
LC water phase. 
For nuclear magnetic resonance analyses, deuterated acetonitrile-d3 (Eurisotop, 99.80% D) and 
deuterated dimethyl sulfoxide-d6 (Deutero, 99.8% D) were used as solvents. 
All reagents and solvents were used without further purification. Structural information 
together with m/z values of the reagents can be found in Table SI 1.1. 
3.2. In-house Built Electrospray System 
In this work I used an in-house built electrospray source (see Photo 1 and Scheme 1). 
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Photo 1. In-house built electrospray system used in this study. 
 
Scheme 1. The scheme of the in-house built electrospray system used in this study. 
 
1. syringes (Agilent manual syringe PN 5190-1530)  
2. infusion pump (kdScientific) 
3. PEEK tubing with T junction (the two PEEK tubings connecting syringes to T-junction 
are of the same length) 
4. electrospray needle (The autosampler needle from Agilent 1100 series LC was used - 
type G1313A) 
5. counter electrode (galvanized steel, outer diameter – 49.2 mm, inner diameter – 17.4 
mm, width – 2.6 mm) 
6. High-voltage generator 3 V to 7 kV (purchased from eBay [51]) 
7. glass beaker 
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The reagent solutions from the syringes were channelled with the help of infusion pumps via 
PEEK tubing until the T-junction where the solutions were mixed. After ca. 0.14 seconds, the 
mixture of two solutions reached the ES needle. High voltage was applied between the needle 
and the counter electrode through high voltage. The electrospray was formed between the 
needle tip and the counter electrode. Distance between ESI needle tip and counter electrode 
(the area where reactions occur) was kept as constant as possible between experiments (8 – 10 
mm). The stand was used to adjust the distance between the electrodes and the switch was used 
to turn the voltage on and off. 
The system was placed under the hood, kept on room temperature and the spray was formed 
without the help of any gas flow. The formation of the spray can be seen on the video on our 
webpage https://kruvelab.com/spray-video/. 
3.2.1.  Experimental method 
Reagent solutions in MeCN of concentrations around 500 ppm were prepared (at most, one-
day old solutions were used) and inserted into syringes.  
Two syringes were either filled both with the same reagent (later called “procedure for reagent 
A” and “procedure for reagent B”) or with different reagents (later called “reaction”) and 
connected to the system. First, fast forward was used to make sure the new solutions arrive to 
ES needle tip and then the voltage was applied between the ES needle and the counter electrode, 
infusion pumps were turned on at flow rate 0.75 mL/h for 1 hour and the presence and stability 
of the spray were checked with a light torch. 
The presence and stability of the spray were checked several times during the procedure or 
synthesis and after one hour, the flow rate and spray voltage were turned off (the procedure or 
synthesis was stopped). 
Then, the beaker and the counter electrode were removed from the system and the formed 
products were washed off with pure solvent (MeCN, if not specified otherwise). The reaction 
mixture from the beaker and from the counter electrode were analysed separately with LC/MS. 
3.2.2. Cleaning the System 
Before every procedure or reaction, the system was cleaned thoroughly. Syringes were cleaned 
between all syntheses by washing them 3 times with pure solvent and before inserting new 
solution, the new solution was used to rinse the syringe 3 times. PEEK tubing was cleaned by 
flushing MeCN through the system (from both syringes) for at least 10 minutes. ES needle was 
cleaned with ethanol-infused paper before each procedure or reaction. Counter-electrode and 
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the beaker were thoroughly scrubbed with fine sand paper before each procedure or reaction, 
then cleaned under distilled water, then cleaned with hexane and put into ultrasound in the 
mixture of distilled water and MeCN for at least 5 minutes under at least 30 degrees. After that, 
the counter electrode and the beaker were cleaned with hexane and distilled water again and as 
a last step, rinsed two times with pure solution. 
3.3. Bulk Phase Reactions 
Bulk phase reactions were done for comparison. For them, the same concentration was used as 
in the reactions in charged droplets. The reactions in bulk phase were done with the help of the 
autosampler of the MS. Specifically, the autosampler took 1 L of both solutions, mixed them, 
then diluted with 8 L of the solvent and inserted into MS. 
3.4. Instrumentation for Analysis 
3.4.1.  Liquid Chromatography / Mass Spectrometry (LC/MS) 
The LC/MS analyses were carried out in the positive ion mode, on one of two different mass 
spectrometers. The first MS instrument was an Agilent ion trap mass spectrometer (LC/MSD 
Trap XCT) with ESI source. It was coupled to Agilent liquid chromatograph (Agilent 1100 
series). For instrument control, Agilent ChemStation for LC 3D Rev. A. 10.02 and MSD Trap 
Control Version 5.2 were used. The column used in this set was Eclipse XDB-C18 (4.6 x 
150 mm) with particle size of 5 m. The solvent flow rate was 0.8 mL/min. The 
chromatographic gradient started with 5% of organic solvent, that was increased to 100% by 
10th minute and kept so until 15th minute. After that, the organic solvent content was brought 
back down to 5% by 20th minute. Every run was followed by a 5-minute post run. The MS 
parameters for this set were as follows: injection volume 10 L, nebulizer gas pressure 60 psi, 
drying gas flow rate 11 L/min and temperature 350 C, needle voltage 3500 V, target mass 15 
m/z and scan range 50–500 m/z. 
The second MS instrument was an Agilent triple quadrupole mass spectrometer (6495 Triple 
Quad LC/MS) with ESI source (Agilent Jet Stream). It was coupled to Agilent liquid 
chromatograph (Agilent 1290 Infinity series). For instrument control, Agilent MassHunter 
Workstation LC/MS Data Acquisition for 6400 Series Triple Quadrupole Version B.07.00 and 
Qualitative Analysis version B.07.00 were used. The column used in this set was Agilent 
Zorbax RRHD SB-C18 (2.1 x 50 mm) with particle size of 1.8 m. The solvent flow rate was 
0.3 mL/min. The chromatographic gradient started with 5% of organic solvent, that was 
increased to 100% by 10th minute and kept so until 15th minute. After that, the organic solvent 
  14 
content was brought back down to 5% by 17th minute. Every run was followed by a 2-minute 
post run. The MS parameters for this set were as follows: injection volume 1 L, nebulizer gas 
pressure 20 psi, drying gas flow rate 14 L/min and temperature 200 C, sheath gas flow rate 
11 L/min and temperature 250 C, needle voltage 3000 V and scan range 100 – 500 m/z. 
Fragmentation was performed on LC/MSD Trap XCT instrument with the same parameters as 
described above. Isolation width was 2.0 m/z and amplitude ranging between 0.6 – 1.0 V. 
If needed and for preliminary experiments, direct infusion analyses were performed using 
kdScientific infusion pump coupled to LC/MSD Trap XCT instrument, where MS parameters 
were kept the same as in LC/MS analysis. Flow rate in this case was 0.5 mL/h. 
3.4.2. Nuclear Magnetic Resonance Spectroscopy 
Some structural analysis was performed on Bruker Avance III HD instrument. 1H spectra were 
obtained on the frequency of 700 MHz. As a solvent, deuterated acetonitrile-d3 or deuterated 
dimethyl sulfoxide-d6 were used. To process spectra, Bruker TopSpin 3.2 program was used.  
3.5. Interpretation of the Results 
In order to obtain information about the formed products during the syntheses, the following 
workflow was followed. First, procedure A, procedure B and reaction were carried out 
separately on our system and the respective product mixtures were collected (all according to 
section 3.2) and analysed with LC/MS. The chromatogram of the reaction solution was then 
compared to the chromatograms of the solutions from procedure A, procedure B and new peaks 
(peaks that were not apparent in the chromatograms of the procedures A and B but do appear 
in the chromatogram of the reaction) were analysed further. For 3 – 4 most intensive new peaks, 
fragmentation was carried out in order to identify the products further. In some cases, NMR 
was used for structural identification of the products. 
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4. Results 
The results were collected from two to three measurements in the time frame of half a year. 
Before that, preliminary syntheses were carried out, and several parameters were optimised. 
For example, during the first year, I studied the effect of flow rate and distance between the 
needle and counter electrode to the appearance of the spray. Different solvents were tested, such 
as methanol and acetonitrile/formic acid 0.1% mixture on the example of a couple of reactions. 
From that data collection I can say that the same products formed reproducibly. Additionally, 
alternative LC/MS and MS instruments were used to verify the results for a couple of reactions; 
a good agreement was observed. The data represented here is based on two to three replicates: 
the results of two experiments were analysed with LC/MS and of one experiment additionally 
LC/MS/MS (the fragmentation experiment) was used. The exceptions are syntheses with 
4-methoxybenzaldehyde and 4-nitrobenzaldehyde, for which only one experiment was carried 
out due to different technical reasons. I thought it is better to include these preliminary data, as 
experiments with other reactants showed very good repeatability. 
The results are presented here by reactions and sorted by amine/hydrazine (first all reactions 
with hydrazine, then with phenylhydrazine, aniline and hexylamine). 
For all reactions, firstly a reaction scheme with most probable products is shown together with 
a table showing the products that were seen in my experiments (see sections 4.1–4.4). In the 
tables, “yes” means that the structure is confirmed by fragmentation patterns and “possibly” 
means that fragmentation experiments were not performed, but the m/z of the peaks observed 
in LC/MS is consistent with the m/z of proposed reaction products. Secondly, additional 
information such as the most intensive peak for each experiment or information from NMR is 
specified under each table. More specific information about fragmentation experiments and 
possible side products can be found in the supplementary information (Tables SI2). 
4.1. Reactions with Hydrazine 
4.1.1. Hydrazine + Benzaldehyde – Reaction Number 1 
Scheme 2. The most probable reaction products of hydrazine and benzaldehyde. 
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Table 2. Hydrazine and benzaldehyde reaction products seen in my experiments. 
 
m/z 121 
(C1) 
m/z 209 
(F1) 
m/z 137 
(D1) 
m/z 241 
(G1) 
m/z 225 
(H1) 
Side 
products 
Vial - Possibly  - - - - 
Beaker - Possibly - - Possibly 
m/z 203 
m/z 239 
Counter 
electrode 
- Yes - - - 
m/z 151 
m/z 191 
m/z 239 
The most intensive peak both from the beaker and the counter electrode is m/z 209 (product 
F1). 
4.1.2. Hydrazine + 2-Methoxybenzaldehyde – Reaction Number 5 
Scheme 3. The most probable reaction products of hydrazine and 2-methoxybenzaldehyde. 
 
Table 3. Hydrazine and 2-methoxybenzaldehyde reaction products seen in my experiments. 
 
m/z 151 
(C5) 
m/z 269 
(F5) 
m/z 167 
(D5) 
m/z 301 
(G5) 
m/z 285 
(H5) 
Side 
products 
Vial - Possibly - - - - 
Beaker Yes Yes - - - 
m/z 152 
m/z 174 
Counter 
electrode 
Yes Yes - - - - 
The most intensive peak both from the beaker and the counter electrode is m/z 269 (product 
F5). 
4.1.3. Hydrazine + 4-Methoxybenzaldehyde – Reaction Number 9 
Scheme 4. The most probable reaction products of hydrazine and 4-methoxybenzaldehyde. 
 
 
  17 
Table 4. Hydrazine and 4-methoxybenzaldehyde reaction products seen in my experiments. 
 
m/z 151 
(C9) 
m/z 269 
(F9) 
m/z 167 
(D9) 
m/z 301 
(G9) 
m/z 285 
(H9) 
Side 
products 
Vial Not done Not done Not done Not done Not done Not done 
Beaker Yes Yes - - - - 
Counter 
electrode 
- Yes - - - - 
The most intensive peak both from the beaker and the counter electrode is m/z 269 (product 
F9). 
4.1.4. Hydrazine + 2-Hydroxybenzaldehyde – Reaction Number 13 
Scheme 5. The most probable reaction products of hydrazine and 2-hydroxybenzaldehyde. 
 
Table 5. Hydrazine and 2-hydroxybenzaldehyde reaction products seen in my experiments. 
 
m/z 137 
(C13) 
m/z 241 
(F13) 
m/z 153 
(D13) 
m/z 273 
(G13) 
m/z 257 
(H13) 
Side 
products 
Vial - - - - - - 
Beaker - Yes - - - m/z 255 
Counter 
electrode 
- Yes - - - m/z 255 
The most intensive peak both from the beaker and the counter electrode is m/z 241 (product 
F13). 
4.1.5. Hydrazine + 4-Hydroxybenzaldehyde – Reaction Number 17 
Scheme 6. The most probable reaction products of hydrazine and 4-hydroxybenzaldehyde. 
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Table 6. Hydrazine and 4-hydroxybenzaldehyde reaction products seen in my experiments. 
 
m/z 137 
(C17) 
m/z 241 
(F17) 
m/z 153 
(D17) 
m/z 273 
(G17) 
m/z 257 
(H17) 
Side 
products 
Vial - - - - - - 
Beaker - Yes - - - - 
Counter 
electrode 
- Yes - - - m/z 255 
The most intensive peak both from the beaker and the counter electrode is m/z 241 (product 
F17). 
4.1.6. Hydrazine + 2-Nitrobenzaldehyde – Reaction Number 21 
Scheme 7. The most probable reaction products of hydrazine and 2-nitrobenzaldehyde. 
 
Table 7. Hydrazine and 2-nitrobenzaldehyde reaction products seen in my experiments. 
 
m/z 166 
(C21) 
m/z 299 
(F21) 
m/z 182 
(D21) 
m/z 331 
(G21) 
m/z 315 
(H21) 
Side 
products 
Vial - - - - - - 
Beaker Yes Yes - - - - 
Counter 
electrode 
Yes Yes - - - - 
The most intensive peak both from the beaker and the counter electrode is m/z 166 (product 
C21). 
4.1.7. Hydrazine + 4-Nitrobenzaldehyde – Reaction Number 25 
Scheme 8. The most probable reaction products of hydrazine and 4-nitrobenzaldehyde. 
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Table 8. Hydrazine and 4-nitrobenzaldehyde reaction products seen in my experiments. 
 
m/z 166 
(C25) 
m/z 299 
(F25) 
m/z 182 
(D25) 
m/z 331 
(G25) 
m/z 315 
(H25) 
Side 
products 
Vial - - - - - - 
Beaker Possibly - - - - - 
Counter 
electrode 
Possibly Possibly Possibly - - - 
The most intensive peak both from the beaker and the counter electrode is m/z 166 (product 
C25). 
4.2. Reactions with Phenylhydrazine 
4.2.1. Phenylhydrazine + Benzaldehyde – Reaction Number 2 
Scheme 9. The most probable reaction products of phenylhydrazine and benzaldehyde. 
 
Table 9. Phenylhydrazine and benzaldehyde reaction products seen in my experiments. 
 
m/z 197 
(C2) 
m/z 213 
(D2) 
Side 
products 
Vial - - - 
Beaker Yes Yes 
m/z 191 
m/z 195 
Counter 
electrode 
Yes Yes 
m/z 191 
m/z 195 
The most intensive peak from the beaker is m/z 213 (product D2) but from the counter electrode 
is m/z 197 (product C2). 
In order to confirm the reaction products, this reaction was performed in bulk phase by 
conventional method [52] and then both mixtures of reaction products were analysed using 
NMR (see SI 3). The spectra show the production of the imine in both cases. 
4.2.2. Phenylhydrazine + 2-Methoxybenzaldehyde – Reaction Number 6 
Scheme 10. The most probable reaction products of phenylhydrazine and 
2-methoxybenzaldehyde. 
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Table 10. Phenylhydrazine and 2-methoxybenzaldehyde reaction products seen in my 
experiments. 
 
m/z 227 
(C6) 
m/z 243 
(D6) 
Side 
products 
Vial - - - 
Beaker Yes - m/z 225 
Counter 
electrode 
Yes - m/z 225 
The most intensive peak both from the beaker and the counter electrode is m/z 227 (product 
C6). 
4.2.3. Phenylhydrazine + 4-Methoxybenzaldehyde – Reaction Number 10 
Scheme 11. The most probable reaction products of phenylhydrazine and 
4-methoxybenzaldehyde. 
 
Table 11. Phenylhydrazine and 4-methoxybenzaldehyde reaction products seen in my 
experiments. 
 
m/z 227 
(C10) 
m/z 243 
(D10) 
Side 
products 
Vial Not done Not done Not done 
Beaker Yes Possibly - 
Counter 
electrode 
Yes Possibly m/z 241 
The most intensive peak both from the beaker and the counter electrode is m/z 227 (product 
C10). 
4.2.4. Phenylhydrazine + 2-Hydroxybenzaldehyde – Reaction Number 14 
Scheme 12. The most probable reaction products of phenylhydrazine and 
2-hydroxybenzaldehyde. 
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Table 12. Phenylhydrazine and 2-hydroxybenzaldehyde reaction products seen in my 
experiments. 
 
m/z 213 
(C14) 
m/z 229 
(D14) 
Side 
products 
Vial Possibly - - 
Beaker Yes - - 
Counter 
electrode 
Yes - 
m/z 227 
m/z 229 
The most intensive peak both from the beaker and the counter electrode is m/z 213 (product 
C14). 
4.2.5. Phenylhydrazine + 4-Hydroxybenzaldehyde – Reaction Number 18 
Scheme 13. The most probable reaction products of phenylhydrazine and 
4-hydroxybenzaldehyde. 
 
Table 13. Phenylhydrazine and 4-hydroxybenzaldehyde reaction products seen in my 
experiments. 
 
m/z 213 
(C18) 
m/z 229 
(D18) 
Side 
products 
Vial Possibly - - 
Beaker Yes - - 
Counter 
electrode 
Yes - 
m/z 227 
m/z 229 
The most intensive peak both from the beaker and the counter electrode is m/z 213 (product 
C18). 
4.2.6. Phenylhydrazine + 2-Nitrobenzaldehyde – Reaction Number 22 
Scheme 14. The most probable reaction products of phenylhydrazine and 2-nitrobenzaldehyde. 
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Table 14. Phenylhydrazine and 2-nitrobenzaldehyde reaction products seen in my experiments. 
 
m/z 242 
(C22) 
m/z 258 
(D22) 
Side 
products 
Vial - Possibly - 
Beaker Yes Possibly m/z 262 
Counter 
electrode 
Yes Possibly m/z 262 
Peaks with m/z 242 (C22) and m/z 258 (D22) are equally intensive for both the beaker and the 
counter electrode. 
4.2.7. Phenylhydrazine + 4-Nitrobenzaldehyde – Reaction Number 26 
Scheme 15. The most probable reaction products of phenylhydrazine and 4-nitrobenzaldehyde. 
 
Table 15. Phenylhydrazine and 4-nitrobenzaldehyde reaction products seen in my experiments. 
 
m/z 242 
(C26) 
m/z 258 
(D26) 
Side 
products 
Vial - - - 
Beaker - - - 
Counter 
electrode 
Possibly Possibly - 
Peaks with m/z 242 (C26) and m/z 258 (D26) are equally intensive for both the beaker and the 
counter electrode. 
4.3. Reactions with Aniline 
4.3.1. Aniline + Benzaldehyde – Reaction Number 3 
Scheme 16. The most probable reaction products of aniline and benzaldehyde. 
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Table 16. Aniline and benzaldehyde reaction products seen in my experiments. 
 
m/z 182 
(C3) 
m/z 198 
(D3) 
Side 
products 
Vial - - - 
Beaker - Yes - 
Counter 
electrode 
- Yes - 
The only product observed is a peak with m/z 198 (product D3). 
4.3.2. Aniline + 2-Methoxybenzaldehyde – Reaction Number 7 
Scheme 17. The most probable reaction products of aniline and 2-methoxybenzaldehyde. 
 
Table 17. Aniline and 2-methoxybenzaldehyde reaction products seen in my experiments. 
 
m/z 212 
(C7) 
m/z 228 
(D7) 
Side 
products 
Vial Possibly - - 
Beaker - - - 
Counter 
electrode 
Yes - - 
The only product observed is a peak with m/z 212 (product C7). 
4.3.3. Aniline + 4-Methoxybenzaldehyde – Reaction Number 11 
Scheme 18. The most probable reaction products of aniline and 4-methoxybenzaldehyde. 
 
Table 18. Aniline and 4-methoxybenzaldehyde reaction products seen in my experiments. 
 
m/z 212 
(C11) 
m/z 228 
(D11) 
Side 
products 
Vial Not done Not done Not done 
Beaker - - - 
Counter 
electrode 
- - - 
No new products were observed. 
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4.3.4. Aniline + 2-Hydroxybenzaldehyde – Reaction Number 15 
Scheme 19. The most probable reaction products of aniline and 2-hydroxybenzaldehyde. 
 
Table 19. Aniline and 2-hydroxybenzaldehyde reaction products seen in my experiments. 
 
m/z 198 
(C15) 
m/z 214 
(D15) 
Side 
products 
Vial - - - 
Beaker Yes Possibly - 
Counter 
electrode 
Yes Possibly - 
The most intensive peak both from the beaker and the counter electrode is m/z 198 (product 
C15). 
4.3.5. Aniline + 4-Hydroxybenzaldehyde – Reaction Number 19 
Scheme 20. The most probable reaction products of aniline and 4-hydroxybenzaldehyde. 
 
Table 20. Aniline and 4-hydroxybenzaldehyde reaction products seen in my experiments. 
 
m/z 198 
(C19) 
m/z 214 
(D19) 
Side 
products 
Vial - - - 
Beaker - - - 
Counter 
electrode 
Yes - - 
The only product observed is a peak with m/z 198 (product C19). 
4.3.6. Aniline + 2-Nitrobenzaldehyde – Reaction Number 23 
Scheme 21. The most probable reaction products of aniline and 2-nitrobenzaldehyde. 
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Table 21. Aniline and 2-nitrobenzaldehyde reaction products seen in my experiments. 
 
m/z 227 
(C23) 
m/z 243 
(D23) 
Side 
products 
Vial - - - 
Beaker - - - 
Counter 
electrode 
Possibly - - 
The only possible product observed is a peak with m/z 227 (product C23). 
4.3.7. Aniline + 4-Nitrobenzaldehyde – Reaction Number 27 
Scheme 22. The most probable reaction products of aniline and 4-nitrobenzaldehyde. 
 
Table 22. Aniline and 4-nitrobenzaldehyde reaction products seen in my experiments. 
 
m/z 227 
(C27) 
m/z 243 
(D27) 
Side 
products 
Vial - - - 
Beaker - - - 
Counter 
electrode 
- - - 
No new products were observed. 
4.4. Reactions with Hexylamine 
4.4.1. Hexylamine + Benzaldehyde – Reaction Number 4 
Scheme 23. The most probable reaction products of hexylamine and benzaldehyde. 
 
Table 23. Hexylamine and benzaldehyde reaction products seen in my experiments. 
 
m/z 190 
(C4) 
m/z 206 
 (D4) 
Side 
products 
Vial - - - 
Beaker Yes Possibly m/z 217 
Counter 
electrode 
Yes Possibly m/z 217 
The most intensive peak both from the beaker and the counter electrode is m/z 217 (see 
discussion). 
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In order to obtain the structure of the molecule with m/z 217, I measured its NMR spectrum of 
1H (see SI 3). The peaks indicate a mixture of the corresponding imine and amide. 
4.4.2. Hexylamine + 2-Methoxybenzaldehyde – Reaction Number 8 
Scheme 24. The most probable reaction products of hexylamine and 2-methoxybenzaldehyde. 
 
Table 24. Hexylamine and 2-methoxybenzaldehyde reaction products seen in my experiments. 
 
m/z 220 
(C8) 
m/z 236 
 (D8) 
Side 
products 
Vial - - - 
Beaker Yes - m/z 247 
Counter 
electrode 
Yes - m/z 247 
The most intensive peak both from the beaker and the counter electrode is m/z 247 (see 
discussion). 
4.4.3. Hexylamine + 4-Methoxybenzaldehyde – Reaction Number 12 
Scheme 25. The most probable reaction products of hexylamine and 4-methoxybenzaldehyde. 
 
Table 25. Hexylamine and 4-methoxybenzaldehyde reaction products seen in my experiments. 
 
m/z 220 
(C12) 
m/z 236 
 (D12) 
Side 
products 
Vial Not done Not done Not done 
Beaker Yes Yes m/z 247 
Counter 
electrode 
Yes - m/z 247 
The most intensive peak both from the beaker and the counter electrode is m/z 220 (product 
C12). 
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4.4.4. Hexylamine + 2-Hydroxybenzaldehyde – Reaction Number 16 
Scheme 26. The most probable reaction products of hexylamine and 2-hydroxybenzaldehyde. 
 
Table 26. Hexylamine and 2-hydroxybenzaldehyde reaction products seen in my experiments. 
 
m/z 206 
(C16) 
m/z 222 
 (D16) 
Side 
products 
Vial - - - 
Beaker Yes - 
m/z 250 
m/z 220 
Counter 
electrode 
Yes - 
m/z 250 
m/z 220 
The most intensive peak both from the beaker and the counter electrode is m/z 206 (product 
C16). 
4.4.5. Hexylamine + 4-Hydroxybenzaldehyde – Reaction Number 20 
Scheme 27. The most probable reaction products of hexylamine and 4-hydroxybenzaldehyde. 
 
Table 27. Hexylamine and 4-hydroxybenzaldehyde reaction products seen in my experiments. 
 
m/z 206 
(C20) 
m/z 222 
 (D20) 
Side 
products 
Vial - - - 
Beaker Yes - m/z 233 
Counter 
electrode 
Yes - m/z 233 
The most intensive peak both from the beaker and the counter electrode is m/z 206 (product 
C20). 
4.4.6. Hexylamine + 2-Nitrobenzaldehyde – Reaction Number 24 
Scheme 28. The most probable reaction products of hexylamine and 2-nitrobenzaldehyde. 
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Table 28. Hexylamine and 2-nitrobenzaldehyde reaction products seen in my experiments. 
 
m/z 235 
(C24) 
m/z 251 
 (D24) 
Side 
products 
Vial - - - 
Beaker Possibly Yes m/z 262 
Counter 
electrode 
Possibly Yes 
m/z 262 
m/z 221 
The most intensive peak both from the beaker and the counter electrode is m/z 262 (see 
discussion). 
4.4.7. Hexylamine + 4-Nitrobenzaldehyde – Reaction Number 28 
Scheme 29. The most probable reaction products of hexylamine and 4-nitrobenzaldehyde. 
 
Table 29. Hexylamine and 4-nitrobenzaldehyde reaction products seen in my experiments. 
 
m/z 235 
(C28) 
m/z 251 
 (D28) 
Side 
products 
Vial - - - 
Beaker - - - 
Counter 
electrode 
- Possibly 
m/z 262 
m/z 233 
No new products were observed from the beaker. The most intensive peak from the counter 
electrode is m/z 262 (see discussion). 
4.5. Summarised results 
Based on the results represented above, it is seen that mostly imines and amides are produced 
and for hexylamine, a [M+27] product is formed. Based on the fragmentation spectra, this 
product can be a nitrile. The mostly seen products are shown on scheme 30. 
Scheme 30. Mostly seen products in the reactions carried out. 
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The following tables represent the overall results of the syntheses done in charged droplets 
(Table 30) and in the bulk phase (Table 31). 
As seen from Table 30, imine was formed in 24 reactions out of 28, amide was formed in 11 
reactions out of 28 and a nitrile was formed in 6 reactions out of 28. At the same time, 
corresponding to Table 31, in bulk phase reactions, imine was seen in 5 reactions out of 28, 
amide only once and nitrile was never found to be produced. 
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Table 30. The overview of the reaction products observed in charged droplets. 
 
Table 31. The overview of the reaction products observed in bulk phase. 
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5. Discussion 
5.1. General Observations 
Within this study, an in-house built electrospray source was designed, installed in our laboratory 
and used for abovementioned syntheses. It can be seen from the results that the system works; 
most of the reactions give at least one product. It is necessary to mention, that this work was 
only qualitative and no quantitative data (yields, assays, etc.) was collected. 
In general, more intensive peaks were seen in the sample collected from the counter electrode 
and the same samples yielded more peaks corresponding to side products. The analysis of the 
product from beaker usually resulted in “cleaner” chromatograms (less other smaller peaks). 
This is probably because (1) the counter electrode is closer to the spray and, therefore, more of 
the product as well as side products precipitates on the counter electrode, (2) the metal was not 
as clean as beaker or (3) electrochemical reactions can take place on the counter electrode. 
During the reactions, mostly imines or hydrazones are produced, but also amides were seen as 
reaction products. Most interestingly, [M+27] side product in reactions with hexylamine was 
observed. This product corresponds to a nitrile according to MS/MS fragmentation patterns. 
Moreover, when comparing the results from the syntheses in charged droplets to the syntheses 
in bulk phase under similar conditions (same concentration of the reactants, similar time-frame 
and temperature) it can be seen that more products are formed from the syntheses in charged 
droplets. This confirms that reactions are accelerated in charged droplets compared to bulk 
phase. Moreover, additional reaction products have been observed for reactions in charged 
droplets which means that new reaction pathways open in this medium. 
5.2. Discussion by Amines/Hydrazines 
Hydrazine reacts with aldehydes by producing hydrazones and/or azines. In four reactions out 
of seven, one-to-one product (hydrazone) was observed, but two-to-one product (azine) where 
an aldehyde has reacted to both nitrogens of hydrazine, was seen in all reactions (the 
concentration ratio was approximately 1:1). Amide was only seen in the reaction with 4-
nitrobenzaldehyde. A very interesting product is observed in the reaction with benzaldehyde 
where one nitrogen of the hydrazine seems to be reacted as an imine and the other as amide; 
however, this product needs to be verified in the future with NMR analysis.  
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Phenylhydrazine reacts with aldehydes by producing imines in all studied reactions and amide 
is produced in four reactions out of seven. 
Aniline reacts with aldehydes by producing imines in four reactions out of seven and amides in 
two reactions out of seven. Here, no products were observed in the reactions with 
4-methoxybenzaldehyde and 4-nitrobenzaldehyde and overall not so many products are seen 
for all reactions. This suggests that aniline is the less reactive of the amines/hydrazines studied. 
Aniline’s nucleophilic reactivity is lower compared to other nucleophiles used in this study 
because the lone pair of electrons on nitrogen is in resonance with the  system and thus 
decreases the nucleophilic reactivity of the nitrogen and aniline in general [53]. 
Hexylamine reacts with aldehydes by producing imines in all reactions except with 
4-nitrobenzaldehyde. Amide is also produced in four reactions out of seven. One of the most 
interesting findings in our study was a [M+27] side product in hexylamine reaction with almost 
all aldehydes, the only exception being 2-hydroxybenzaldehyde. This product corresponds to a 
nitrile according to MS/MS fragmentation patterns. Still, this structure needs to be verified by 
NMR. 
5.3. Discussion by Aldehydes 
5.3.1. Isomeric Effects 
I was also interested in studying the isomeric effect on the reactivity of the aldehyde in charged 
droplets. The para- and ortho-substituted aldehydes possessed different reactivity (products 
formed); however, the isomeric effect is dependent on the exact functional group of the 
aldehyde. Yet, from the reactions with aniline, it can be said that para-isomers are in general 
less reactive than ortho-isomers. For ortho-isomers, reaction products were observed in charged 
droplets while the products were not observed for para-isomers. In bulk phase neither of the 
isomers yielded detectable amounts of product. 
It is known that isomer effects exist also in the protonation of the compounds in charged 
droplets generated in ESI/MS. It is interesting to compare the measured ionisation efficiency 
values for different aldehydes with the reactivity. J. Liigand has measured the ionisation 
efficiency values of the aldehydes used in this study (see Table 32). For the reaction of aniline 
and nitrobenzaldehydes the difference in reactivity is supported by the ionisation efficiency 
values of the two aldehydes. The ionisation efficiency for para-nitrobenzaldehyde is ca 10 times 
lower than is observed for corresponding ortho-isomer and the reaction product is observed 
only for the ortho-isomer. It is expected that the protonation increases the reactivity of the 
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aldehyde. On the other hand, the ionisation efficiencies of ortho- and para-
methoxybenzaldehyde are very similar, but the reaction product was observed only for the 
ortho-isomer. Therefore, the isomer effect needs further validation with a wider range of 
aldehydes. 
Table 32. Ionisation efficiency values for the aldehydes used in this study. 
Compound Ionisation efficiency (logIE) s 
Benzaldehyde - - 
2-methoxybenzaldehyde 1.18 0.14 
4-methoxybenzaldehyde 1.46 0.05 
2-hydroxybenzaldehyde - - 
4-hydroxybenzaldehyde 1.13 0.12 
2-nitrobenzaldehyde 0.78 0.12 
4-nitrobenzaldehyde -0.09 0.27 
5.4. Questions Remaining Fuzzy 
The formation of [M+27] product in hexylamine reactions is still not fully understood. One 
possibility is the formation of a nitrile according to Stecker synthesis [54], but this reaction 
pathway needs hydrogen cyanide (HCN) in order to proceed. In my reactions, it is hard to say 
where the cyano group might come from, though one probability is MeCN used as a solvent. 
Thus the mechanism of the reactions is still fuzzy.  
Another interesting finding was the formation of the product with m/z 225 in the reaction 
between hydrazine and benzaldehyde. According to fragmentation seems to be a product where 
one nitrogen has reacted as an imine and the other as amide. Yet, this was the only reaction 
where this structure was obtained and thus it needs to be studied further. 
5.5. NMR analysis 
NMR was used to identify products for only two reactions. This is due to the reason that it was 
very difficult to collect sufficient amount of the product with the current electrospray system. 
To start with, the concentrations used were low and the spraying time was insufficient to collect 
enough product. Also, some of the products were liquids and evaporated during the collection 
  34 
of the products. Therefore, in this pilot study LC/MS proved to be more suitable tool for 
analysing the collected reaction mixtures. 
However, for some selected cases it was possible to verify the results with NMR analysis (see 
SI 3). For the reaction of benzaldehyde with phenylhydrazine and benzaldehyde with 
hexylamine, the product mixture was collected from four consequent repetitive reactions. No 
further purification was done, yet the analysis results confirm the production of the products 
which were observed by MS/MS analysis. This indicates that although from MS spectra smaller 
side product peaks are observed, the main products are dominant.  
For the detection of smaller side products, further purification needs to be done. I tried to collect 
some products from the mixtures with chromatographic column, but the quantities were too low 
and collecting sample size sufficient for NMR analysis was impossible. The purification is 
planned for the continuing project. 
The NMR spectra of the reaction mixture of phenylhydrazine and benzaldehyde (see SI 3) 
match the spectra of the same reaction done by conventional method [52] in a bulk phase and 
the peaks correspond to the imine. 
In order to obtain structural information on the products of the reaction between hexylamine 
and benzaldehyde, 1H spectrum was measured. The spectrum shows peaks of the corresponding 
imine and amide but does not verify the presence of the possible nitrile product. This might be 
due to low concentration of the product or some other unknown reason. Further studies on these 
[M+27] products in the reactions with hexylamine have to be done. 
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Conclusion 
Charged Droplets – Novel Media for Studying Reactions between 
Aldehydes and Amines/Hydrazines 
In this work, an in-house built electrospray system was designed and set up. Then, 28 reactions 
between aldehydes and nitrogen bases were carried out. Mostly imines were observed as 
reaction products, but also amides were found in some reactions. Most interestingly, reactions 
with hexylamine gave a [M+27] product, possibly a nitrile. All of the above shows that reactions 
occur and are accelerated in charged droplets compared to the reactions happening in bulk phase 
under similar conditions. Moreover, the reaction pathways are different compared to bulk 
solution reactions. Though the mechanisms of the reactions are still unknown, it shows the 
possible value of this new reaction media. 
I believe that in the future the reactions can be made even more repeatable using a more robust 
system and syntheses can be shifted towards certain products by optimising physical parameters 
of the electrospray system. Parameters that can be adjusted include the distance between the 
electrodes, voltage applied to the electrodes, other solvent systems, different concentrations of 
the reactants and the use of gases in the spray system. 
The described new and more powerful system (the system allows the collection of products 
with a speed of 200 mg per hour) is already installed in our laboratory based on my results and 
experience. Around 20 different reactions have already been tested and I will continue studying 
charged droplets as a novel reaction media.  
 
Keywords: synthesis, electrospray, charged droplets 
CERCS code and name: P390 Organic Chemistry 
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Supplementary Information 
SI 1. Compounds 
Table SI 1.1. The compounds used in this study with their CAS nr, m/z value and structure. 
Name 
CAS 
number 
m/z 
value 
Structure 
Benzaldehyde 100-52-7 107 
 
2-Methoxybenzaldehyde 135-02-4 137 
 
4-Methoxybenzaldehyde 123-11-5 137 
 
2-Hydroxybenzaldehyde 90-02-8 123 
 
4-Hydroxybenzaldehyde 123-08-0 123 
 
  41 
Name 
CAS 
number 
m/z 
value 
Structure 
2-Nitrobenzaldehyde 552-89-6 152 
 
4-Nitrobenzaldehyde 555-16-8 152 
 
Hydrazine 302-01-2 33 
 
Phenylhydrazine 100-63-0 109 
 
Aniline 62-53-3 94 
 
Hexylamine 111-26-2 102 
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SI 2. Results 
All reactions were performed according to the experimental methods described in sections 3.2 
and 3.3. Here I represent the results on a flowchart, where the most intensive m/z values of 
MS1 and their MS2 fragment ion m/z values are shown together with proposed structures. The 
structures of MS1 are proposed based on the fragment ions’ m/z values and checked 
occasionally with NMR spectroscopy. Under every reaction, reaction products from bulk phase 
reaction (vial) and from charged droplets (collected from the counter electrode and from the 
beaker separately) are shown in separate flowcharts. 
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Reactions with Hydrazine 
Table SI 2.1. Results for the reaction between hydrazine and benzaldehyde in bulk phase. 
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Table SI 2.2. Results for the reaction between hydrazine and benzaldehyde in charged droplets (collected from the beaker). 
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Table SI 2.3. Results for the reaction between hydrazine and benzaldehyde in charged droplets (collected from the counter electrode). 
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Table SI 2.4. Results for the reaction between hydrazine and 2-methoxybenzaldehyde in bulk phase. 
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Table SI 2.5. Results for the reaction between hydrazine and 2-methoxybenzaldehyde in charged droplets (collected from the beaker). 
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Table SI 2.6. Results for the reaction between hydrazine and 2-methoxybenzaldehyde in charged droplets (collected from the counter electrode). 
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Table SI 2.7. Results for the reaction between hydrazine and 4-methoxybenzaldehyde in bulk phase. 
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Table SI 2.8. Results for the reaction between hydrazine and 4-methoxybenzaldehyde in charged droplets (collected from the beaker).
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Table SI 2.9. Results for the reaction between hydrazine and 4-methoxybenzaldehyde in charged droplets (collected from the counter electrode).
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Table SI 2.10. Results for the reaction between hydrazine and 2-hydroxybenzaldehyde in bulk phase. 
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Table SI 2.11. Results for the reaction between hydrazine and 2-hydroxybenzaldehyde in charged droplets (collected from the beaker).
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Table SI 2.12. Results for the reaction between hydrazine and 2-hydroxybenzaldehyde in charged droplets (collected from the counter electrode). 
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Table SI 2.13. Results for the reaction between hydrazine and 4-hydroxybenzaldehyde in bulk phase. 
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Table SI 2.14. Results for the reaction between hydrazine and 4-hydroxybenzaldehyde in charged droplets (collected from the beaker).
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Table SI 2.15. Results for the reaction between hydrazine and 4-hydroxybenzaldehyde in charged droplets (collected from the counter electrode). 
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Table SI 2.16. Results for the reaction between hydrazine and 2-nitrobenzaldehyde in bulk phase. 
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Table SI 2.17. Results for the reaction between hydrazine and 2-nitrobenzaldehyde in charged droplets (collected from the beaker).
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Table SI 2.18. Results for the reaction between hydrazine and 2-nitrobenzaldehyde in charged droplets (collected from the counter electrode).
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Table SI 2.19. Results for the reaction between hydrazine and 4-nitrobenzaldehyde in bulk phase. 
 
Table SI 2.20. Results for the reaction between hydrazine and 4-nitrobenzaldehyde in charged droplets (collected from the beaker). 
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Table SI 2.21. Results for the reaction between hydrazine and 4-nitrobenzaldehyde in charged droplets (collected from the counter electrode). 
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Reactions with Phenylhydrazine 
Table SI 2.22. Results for the reaction between phenylhydrazine and benzaldehyde in bulk phase. 
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Table SI 2.23. Results for the reaction between phenylhydrazine and benzaldehyde in charged droplets (collected from the beaker).  
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Table SI 2.24. Results for the reaction between phenylhydrazine and benzaldehyde in charged droplets (collected from the counter electrode). 
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Table SI 2.25. Results for the reaction between phenylhydrazine and 2-methoxybenzaldehyde in bulk phase. 
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Table SI 2.26. Results for the reaction between phenylhydrazine and 2-methoxybenzaldehyde in charged droplets (collected from the beaker). 
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Table SI 2.27. Results for the reaction between phenylhydrazine and 2-methoxybenzaldehyde in charged droplets (collected from the counter 
electrode). 
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Table SI 2.28. Results for the reaction between phenylhydrazine and 4-methoxybenzaldehyde in bulk phase. 
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Table SI 2.29. Results for the reaction between phenylhydrazine and 4-methoxybenzaldehyde in charged droplets (collected from the beaker). 
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Table SI 2.30. Results for the reaction between phenylhydrazine and 4-methoxybenzaldehyde in charged droplets (collected from the counter 
electrode). 
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Table SI 2.31. Results for the reaction between phenylhydrazine and 2-hydroxybenzaldehyde in bulk phase. 
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Table SI 2.32. Results for the reaction between phenylhydrazine and 2-hydroxybenzaldehyde in charged droplets (collected from the beaker). 
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Table SI 2.33. Results for the reaction between phenylhydrazine and 2-hydroxybenzaldehyde in charged droplets (collected from the counter 
electrode). 
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Table SI 2.34. Results for the reaction between phenylhydrazine and 4-hydroxybenzaldehyde in bulk phase. 
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Table SI 2.35. Results for the reaction between phenylhydrazine and 4-hydroxybenzaldehyde in charged droplets (collected from the beaker). 
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Table SI 2.36. Results for the reaction between phenylhydrazine and 4-hydroxybenzaldehyde in charged droplets (collected from the counter 
electrode). 
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Table SI 2.37. Results for the reaction between phenylhydrazine and 2-nitrobenzaldehyde in bulk phase. 
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Table SI 2.38. Results for the reaction between phenylhydrazine and 2-nitrobenzaldehyde in charged droplets (collected from the beaker). 
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Table SI 2.39. Results for the reaction between phenylhydrazine and 2-nitrobenzaldehyde in charged droplets (collected from the counter 
electrode). 
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Table SI 2.40. Results for the reaction between phenylhydrazine and 4-nitrobenzaldehyde in bulk phase. 
 
Table SI 2.41. Results for the reaction between phenylhydrazine and 4-nitrobenzaldehyde in charged droplets (collected from the beaker). 
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Table SI 2.42. Results for the reaction between phenylhydrazine and 4-nitrobenzaldehyde in charged droplets (collected from the counter 
electrode). 
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Reactions with Aniline 
Table SI 2.43. Results for the reaction between aniline and benzaldehyde in bulk phase. 
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Table SI 2.44. Results for the reaction between aniline and benzaldehyde in charged droplets (collected from the beaker). 
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Table SI 2.45. Results for the reaction between aniline and benzaldehyde in charged droplets (collected from the counter electrode). 
 
  86 
Table SI 2.46. Results for the reaction between aniline and 2-methoxybenzaldehyde in bulk phase. 
 
Table SI 2.47. Results for the reaction between aniline and 2-methoxybenzaldehyde in charged droplets (collected from the beaker). 
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Table SI 2.48. Results for the reaction between aniline and 2-methoxybenzaldehyde in charged droplets (collected from the counter electrode). 
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Table SI 2.49. Results for the reaction between aniline and 4-methoxybenzaldehyde in bulk phase. 
 
Table SI 2.50. Results for the reaction between aniline and 4-methoxybenzaldehyde in charged droplets (collected from the beaker). 
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Table SI 2.51. Results for the reaction between aniline and 4-methoxybenzaldehyde in charged droplets (collected from the counter electrode). 
 
Table SI 2.52. Results for the reaction between aniline and 2-hydroxybenzaldehyde in bulk phase. 
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Table SI 2.53. Results for the reaction between aniline and 2-hydroxybenzaldehyde in charged droplets (collected from the beaker). 
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Table SI 2.54. Results for the reaction between aniline and 2-hydroxybenzaldehyde in charged droplets (collected from the counter electrode). 
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Table SI 2.55. Results for the reaction between aniline and 4-hydroxybenzaldehyde in bulk phase. 
 
Table SI 2.56. Results for the reaction between aniline and 4-hydroxybenzaldehyde in charged droplets (collected from the beaker). 
 
  
  93 
Table SI 2.57. Results for the reaction between aniline and 4-hydroxybenzaldehyde in charged droplets (collected from the counter electrode). 
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Table SI 2.58. Results for the reaction between aniline and 2-nitrobenzaldehyde in bulk phase. 
 
Table SI 2.59. Results for the reaction between aniline and 2-nitrobenzaldehyde in charged droplets (collected from the beaker). 
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Table SI 2.60. Results for the reaction between aniline and 2-nitrobenzaldehyde in charged droplets (collected from the counter electrode). 
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Table SI 2.61. Results for the reaction between aniline and 4-nitrobenzaldehyde in bulk phase. 
 
Table SI 2.62. Results for the reaction between aniline and 4-nitrobenzaldehyde in charged droplets (collected from the beaker). 
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Table SI 2.63. Results for the reaction between aniline and 4-nitrobenzaldehyde in charged droplets (collected from the counter electrode). 
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Reactions with Hexylamine 
Table SI 2.64. Results for the reaction between hexylamine and benzaldehyde in bulk phase. 
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Table SI 2.65. Results for the reaction between hexylamine and benzaldehyde in charged droplets (collected from the beaker). 
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Table SI 2.66. Results for the reaction between hexylamine and benzaldehyde in charged droplets (collected from the counter electrode). 
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Table SI 2.67. Results for the reaction between hexylamine and 2-methoxybenzaldehyde in bulk phase. 
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Table SI 2.68. Results for the reaction between hexylamine and 2-methoxybenzaldehyde in charged droplets (collected from the beaker). 
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Table SI 2.69. Results for the reaction between hexylamine and 2-methoxybenzaldehyde in charged droplets (collected from the counter electrode). 
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Table SI 2.70. Results for the reaction between hexylamine and 4-methoxybenzaldehyde in bulk phase. 
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Table SI 2.71. Results for the reaction between hexylamine and 4-methoxybenzaldehyde in charged droplets (collected from the beaker). 
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Table SI 2.72. Results for the reaction between hexylamine and 4-methoxybenzaldehyde in charged droplets (collected from the counter electrode). 
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Table SI 2.73. Results for the reaction between hexylamine and 2-hydroxybenzaldehyde in bulk phase. 
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Table SI 2.74. Results for the reaction between hexylamine and 2-hydroxybenzaldehyde in charged droplets (collected from the beaker). 
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Table SI 2.75. Results for the reaction between hexylamine and 2-hydroxybenzaldehyde in charged droplets (collected from the counter electrode). 
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Table SI 2.76. Results for the reaction between hexylamine and 4-hydroxybenzaldehyde in bulk phase. 
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Table SI 2.77. Results for the reaction between hexylamine and 4-hydroxybenzaldehyde in charged droplets (collected from the beaker). 
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Table SI 2.78. Results for the reaction between hexylamine and 4-hydroxybenzaldehyde in charged droplets (collected from the counter electrode). 
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Table SI 2.79. Results for the reaction between hexylamine and 2-nitrobenzaldehyde in bulk phase. 
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Table SI 2.80. Results for the reaction between hexylamine and 2-nitrobenzaldehyde in charged droplets (collected from the beaker). 
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Table SI 2.81. Results for the reaction between hexylamine and 2-nitrobenzaldehyde in charged droplets (collected from the counter electrode). 
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Table SI 2.82. Results for the reaction between hexylamine and 4-nitrobenzaldehyde in bulk phase. 
 
Table SI 2.83. Results for the reaction between hexylamine and 4-nitrobenzaldehyde in charged droplets (collected from the beaker). 
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Table SI 2.84. Results for the reaction between hexylamine and 4-nitrobenzaldehyde in charged droplets (collected from the counter electrode). 
 
  118 
SI 3. NMR spectra 
NMR spectra of the reaction mixture of  hexylamine and benzaldehyde 
Peaks corresponding to the imine product are the ones at 8.35 ppm, 7.45 ppm, 3.6 ppm, 1.70 ppm, 1.30 ppm and 0.90 ppm. Peaks corresponding 
to the amide product are the ones at 7.75 ppm, 7.60 ppm and 7.50 ppm. Peaks between 8.05 ppm and 7.90 ppm are unidentified. 
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Spectrum SI 3.1. 1H spectrum of hexylamine and benzaldehyde reaction product mixture (whole ppm range). 
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Spectrum SI 3.2. 1H spectrum of hexylamine and benzaldehyde reaction product mixture  (ppm 8.5–7.2). 
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Spectrum SI 3.3. 1H spectrum of hexylamine and benzaldehyde reaction product mixture ( ppm 4.0–0.0). 
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NMR spectra of the reaction mixture of  phenylhydrazine and benzaldehyde 
All of the peaks correspond to the imine product. 
Spectrum SI 3.4. 1H spectrum of phenylhydrazine and benzaldehyde reaction product mixture (whole range) in charged droplets 
(blue) and in bulk phase (red). 
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